required internal primers for amplifi cation in semi-nested RT-PCR. The sequencing of RT-PCR-amplifi ed products of ORFs confi rmed their identity. Conclusion: Bioinformatics analysis of DNA can accurately predict ORFs within M. tuberculosis -specifi c genomic regions, and RT-PCR is a suitable technique to confi rm their expression in bacteria.
Introduction
Tuberculosis (TB) is a major health problem of global concern. The immunological diagnosis of TB requires the identifi cation of antigens specifi c for Mycobacterium tuberculosis , the causative agent of TB. However, most of the studies conducted in the past to characterize antigens of M. tuberculosis were focused on antigens shared between M . tuberculosis and other mycobacteria [1] [2] [3] . The situation changed in 1996 when Mahairas et al. [4] . opened a new area of study dealing with antigens encoded by M. tuberculosis -specifi c genomic regions deleted in other mycobacteria. They employed subtractive genomic hybridization to identify genetic differences between virulent M. tuberculosis and M. bovis and the vaccine strains of M. bovis BCG. Three distinct genomic regions of M. tuberculosis and M. bovis , designated RD1-RD3, were found deleted from the genomes of some or all BCG substrains. RD1, a 9.5-kb DNA segment deleted from all BCG substrains, was conserved in all virulent laboratory and clinical isolates of M. bovis and M . tuberculosis tested. The reintroduction of RD1 into BCG resulted in a protein expression profi le almost identical to that of virulent M. bovis and M . tuberculosis [4] . The immunological importance of RD1 became obvious when it was shown that ESAT6 and CFP10, two immunodominant proteins useful for diagnostic applications in TB [5] [6] [7] [8] [9] [10] , are expressed from genes located in RD1 [11] .
In their original publication, Mahairas et al. [4] annotated eight potential active open reading frames (ORFs) in the RD1 region. In the genome sequence of M. tuberculosis H37Rv, Cole et al. [12] annotated nine ORFs in this region, seven of which matched those identifi ed by Mahairas et al. [4] ( table 1 ) . In a previous work, using the techniques of gene cloning and expression, we were able to recombinantly express ORF14 protein in Escherichia coli [13] . Furthermore, we showed that antibodies in sera from TB patients, but not BCG-vaccinated healthy donors, reacted with the recombinant ORF14 protein [13] , and anti-ORF14 antibodies reacted with a single protein, at the same molecular size, from the culture fi ltrate of in vitro grown M. tuberculosis [unpubl. results] . These studies demonstrated that Robertson and Thole correctly predicted additional ORFs in RD1 that were actually expressed in M. tuberculosis , but were neither included in the prediction of Mahairas et al. [4] nor in the genome sequence of M. tuberculosis H37Rv [12] . The aim of the present study was to determine, by using reverse transcription-polymerase chain reaction (RT-PCR), if other RD1 ORFs predicted by Robertson and Thole were also expressed in M. tuberculosis at the mRNA level.
Materials and Methods

Growth and Enumeration of M. tuberculosis H37Rv
A single colony of M. tuberculosis H37Rv (obtained from Imperial College, University of London, London, UK) was grown to 5 ! 10 8 CFU/ml (6-8 weeks) at 37 ° C in Middlebrook 7H9 (Difco, USA) supplemented with 10% albumin dextrose catalase (5% albumin, 2% D -glucose, 0.004% catalase and 0.85% sodium chloride), 0.2% glycerol and 0.05% Tween 80.
Isolation of Mycobacterial Genomic DNA
Genomic DNA was isolated from 1.5-ml culture of M. tuberculosis H37Rv according to standard procedures [14] . 
Oligonucleotide Primers
For each of the predicted ORFs in RD1, a pair of forward (F) and reverse (R) oligonucleotides primers were designed to amplify full-length genes in PCR. The primer sequences for each ORF were as follows: For ORFs 2, 9, 10 and 12 the following internal reverse (IR) primers were designed to be used with the corresponding forward primers in semi-nested PCR:
ORF2IR: 5 -GCC GCC ACC TAG GTC GAT GCA ATA GAA CTG-3 ORF9IR: 5 -GGC CGG TTC GGG TCC GGC GAT GGG CAT GGG-3 ORF10IR: 5 -GAC CAA CGG TCG GTA GCG CTC GGT GCG ACT-3 ORF12IR: 5 -GCC AGT TCG GAT CCC GGT GTG GCC AAG ATT-3
Isolation of Total Mycobacterial RNA and cDNA Synthesis
Total nucleic acids were isolated from culture-grown M. tuberculosis H37Rv using MasterPure RNA purifi cation kit (Epicenter Technologies, USA) according to the manufacturer's instructions. Total nucleic acids were precipitated with isopropanol and washed with 70% ethanol. To obtain DNA-free RNA, the suspension was treated with two units of DNAse (Gibco-BRL, USA) for 30 min at 37 ° C. The enzyme was then inactivated at 75 ° C for 5 min.
The isolated RNA was used to synthesize fi rst-strand cDNA using fi rst-strand cDNA synthesis kit (Pharmacia, USA) according to the manufacturer's instructions. In brief, the RNA solution was heated at 65 ° C for 10 min and then chilled on ice. Bulk fi rst-strand cDNA reaction mix was added along with 1 l DTT solution and 1 l Not I-d(T) 18 primer and pd (N) 6 primers in separate reaction
tubes. An additional reaction mix was prepared for each RD1 ORF using ORF-specifi c forward primer. The mixtures were incubated at 37 ° C for 1 h.
The isolation of DNA, RNA, and synthesis of cDNA were confi rmed by amplifi cation of a 245-bp target DNA from IS6110 sequence by using forward and reverse primers HM1 and HM2, respectively [14] . The amplifi cation of this DNA fragment proved to be invariably positive with genomic DNA and negative with RNA. Only those cDNA preparations which showed positive HM1/HM2 RT-PCR products were used; otherwise, samples were discarded.
Amplifi cation of Genomic DNA and cDNA PCR Standard PCRs for amplifi cation of genomic DNA and cDNA were performed as described previously [14] . In brief, PCR mixtures (50 l) consisted of 1 ! Gold Taq DNA polymerase buffer, 200 M deoxynucleotide triphosphates, M. tuberculosis H37Rv genomic DNA (100 ng) or cDNA, 25 pmol of forward and reverse primers and 1 U Gold Taq DNA polymerase (Applied Biosystems, USA). The reaction mixtures were heated at 95 ° C for 5 min in a thermal cycler (Perkin Elmer System 9600, USA), and then PCR was run for 30 cycles (denaturation at 94 ° C for 1 min, annealing at 60 ° C for 1 min and extension at 72 ° C for 2 min). At the end of the 30th cycle, the mixture was held at 72 ° C for 10 min. Every experiment with cDNA included controls for the corresponding ORF using water (negative control), RNA (negative control), and M. tuberculosis genomic DNA (positive control) as templates. The PCR products were resolved by agarose gel electrophoresis using standard procedures [14] .
For ORFs not showing a visible band of specifi c size by standard PCR, semi-nested PCR was performed using 1 l of the standard PCR product as a template, along with sequence-specifi c forward internal primer and the reverse primer corresponding to the respective ORF. Other materials and methods remained same as described above for standard PCR.
Sequencing of RT-PCR Products
The products of RT-PCR were sequenced for identity verifi cation using standard procedures [13] . In brief, the amplifi ed DNA were purifi ed using QIA quick PCR purifi cation kit (QIAGEN, USA) and reamplifi ed using CEQ DTCS quick start kit (Beckman Coulter, USA) according to the manufacturer's instructions. DNA was concentrated by ethanol precipitation and sequenced using CEQ 8000 Genetic Analysis System (Beckman Coulter). The nucleotide sequences obtained for each PCR product were analyzed for identity by manual comparison with the known sequences of the corresponding ORF and BLAST search (www.ncbi.nlm.nih. gov/blast/).
Results
Standardization of M. tuberculosis H37Rv Culture for RT-PCR
Before attempting to perform experiments to demonstrate the expression of RD1 ORFs by RT-PCR, the conditions for RT-PCR, with respect to the duration of culture and number of M. tuberculosis H37Rv, were optimized by using primers HM1/HM2. These standardization experiments showed that best RT-PCR results were obtained with M. tuberculosis cultures grown for 6-8 weeks containing about 5 ! 10 8 CFU/ml (data not shown).
Optimization of Reaction Conditions for the Amplifi cation of RD1 ORFs from the Genomic DNA of M. tuberculosis H37Rv
We have previously shown that PCR amplifi cation of some of the ORFs of M. tuberculosis requires addition of DMSO and formamide to the reaction mixture [13] . Therefore, to optimize the conditions for PCR amplifi cation of RD1 ORFs from cDNA, reaction conditions were optimized for the amplifi cation of each ORF DNA using genomic DNA of M. tuberculosis as a template. The results showed that ORFs 2, 4, 7, 9, 10 and 15 were amplifi ed using the standard reaction mixture described in the materials and methods section, whereas the amplifi cation of other ORFs required addition of 2-8% DMSO ( fi g. 2 ). These optimized concentrations of DMSO were used while attempting to amplify the corresponding ORFs from cDNA preparations. The full-length ORF9 DNA segment (2.0 kb) was not amplifi ed in standard PCR in the absence as well as in the presence of different concentrations of DMSO (data not shown); however, a smaller fragment of ORF9 (0.9 kb) was amplifi ed using the standard reaction mixture ( fi g. 2 b, lane 6).
RT-PCR of RD1 ORFs with RNA Isolated from M. tuberculosis
To determine the effect of general and specifi c primers on cDNA synthesis, cDNA was synthesized from isolated RNA of M. tuberculosis using general primers [ Not I-d(T) 18 and pd (N) 6 primers] included in the cDNA synthesis kit and ORF-specifi c forward primers. The cDNA preparations were used in standard and semi-nested PCR for ORFs not amplifi ed in standard PCR to identify transcriptionally active ORFs of RD1. The RT-PCR results showed that ORF5, ORF6, ORF7 and ORF14 were amplifi ed from cDNA preparations that were synthesized by using all three sets of primers, i.e. the two general [ Not I-d (T) 18 and pd (N) 6 primers] and one specifi c primer corresponding to each ORF. ORF2 and ORF13 were amplifi ed only with pd(N) 6 . ORF3, ORF4, ORF8, ORF12 and ORF15 were amplifi ed only with Not I-d(T) 18 . ORF9 and ORF11 were amplifi ed only with ORF-specifi c primers. However, ORF10 was not amplifi ed with any of the three preparations of cDNA ( table 2 ; results 
Sequencing of RT-PCR Products
To confi rm their identity, the RT-PCR products were sequenced as described in Materials and Methods. The manual comparison of the sequences as well as the BLAST searches confi rmed their respective identities ( table 2 ) .
Discussion
Bioinformatics analysis of DNA regions is an effective tool to predict encoded genes in M. tuberculosis genome [12] . Various groups, however, have predicted varying numbers of ORFs in M. tuberculosis -specifi c segment of RD1 using different computer programs. Robertson and Thole used the GeneMark software and predicted the existence of 14 ORFs (ORF2-15; table 1 ). Mahairas et al. [4] annotated eight potential ORFs in the same region (ORFs 2, 5, 7, 9, 10, 11, 12 and 13 of Robertson and Thole; table 1 ). In the genome sequence of M. tuberculosis H37Rv, Cole et al. [12] annotated 9 ORFs in this re- Thole, table 1 ). In total, Mahairas et al. [4] and Cole et al. [12] predicted 10 ORFs in the RD1 DNA segment, of which seven were common to both predictions, two were specifi c for Cole et al. [12] and one was predicted only by Mahairas et al. [4] ( [12] and ORF1E of Mahairas et al. [4] ; table 1 ), failure to detect its expression by RT-PCR could be due to a very low copy number of its mRNA. Other reasons could be that ORF10 is expressed only in vivo or its expression is under control of other factors in vivo. Examples of such genes that are expressed in vivo but not in vitro cultures include Ag85A [15] .
Among the ORFs predicted only by Robertson and Thole are ORF4, ORF8, ORF14 and ORF15, and this study demonstrate that all of these were expressed in M. tuberculosis at the mRNA level. The expression of DNAse-treated RNA of M. tuberculosis using general and ORFspecifi c primers for cDNA synthesis. a ORF14 was amplifi ed by standard PCR from cDNA synthesized using both of the general primers, i.e. Pd(N) 6 and Not I-d(T) 18 , as well as ORF-specifi c forward primer (lanes 3, 4 and 5, respectively, product at 0.8 kb). Lane 2: PCR control for ORF14 with DNAse-treated RNA (negative control). Lane 1: 100-bp DNA ladder. b ORF2 was amplifi ed by semi-nested PCR from cDNA synthesized using Pd(N) 6 general primer (lane 4, product at 0.4 kb). ORF2 was not amplifi ed from cDNA synthesized using the other general primer Not I-d(T) 18 (lane 3) or specifi c primer (lane 5). Lane 2: PCR control for ORF2 with DNAse-treated RNA (negative control). Lane 1: 100-bp DNA ladder. c ORF3 was amplifi ed by standard PCR from cDNA synthesized using Not I-d(T) 18 general primer (lane 4, product at 0.3 kb). ORF3 was not amplifi ed from cDNA synthesized using the other general primer Pd(N) 6 (lane 3) or specifi c primer (lane 5). Lane 2: PCR control for ORF3 with DNAse-treated RNA (negative control). Lane 1: 100-bp DNA ladder. d ORF9 was amplifi ed by seminested PCR from cDNA synthesized using ORF9-specifi c forward primer (lane 5, product at 0.3 kb). ORF9 was not amplifi ed from cDNA synthesized using the general primers Pd(N) 6 [13] , which further confi rmed the expression of ORF14 in M. tuberculosis .
In addition to confi rming the expression of the predicted RD1 ORFs, this work shows that, for RT-PCR, it is not suffi cient to synthesize fi rst-strand cDNA using only one type of primer, either general or specifi c. Some ORFs were successfully amplifi ed from fi rst-strand cDNA synthesized with all the primers, both general and specifi c; whereas others required either general or specifi c primers for effective cDNA synthesis. ORF9 and ORF11 were amplifi ed only with ORF-specifi c primers, and not with general ones. Such results suggest that the corresponding mRNAs could be less abundant than the others. The differential effect of primers on the synthesis of fi rststrand cDNA has also been studied by other researchers and was proven to be considerable when determining the expression of genes at mRNA level [16] . In addition, the size of the ORFs presented a factor for the successful amplifi cation of full length ORFs. In general, ORFs ^ 0.5 kb were amplifi ed effi ciently in the fi rst round of standard PCR, otherwise re-amplifi cation in semi-nested PCR using internal primers was necessary to obtain the desired product [15] . However, in this study several ORFs 6 0.5 kb, ORF5 (1.1 kb), ORF11 (0.8 kb), ORF14 (0.8 kb) and ORF13 (2.2 kb) were amplifi ed by standard PCR indicating that the mRNA of these ORFs are abundant enough in total RNA to be detected directly. Finally, both size and abundance of mRNA play a coupled effect in the detection of the corresponding ORFs by RT-PCR.
The density and age of the cultures of M. tuberculosis H37Rv were additional factors to standardize the products of RT-PCR. Detectable levels of mRNA and hence successful cDNA synthesis were possible when the culture was grown for 6-8 weeks or until it reached a density of 5 ! 10 8 CFU/ml. These results are also consistent with the observations reported previously [15] .
Conclusion
This study demonstrated that RT-PCR is an effective tool to confi rm the expression of genes predicted in the M. tuberculosis -specifi c genomic segment of RD1. However, reaction conditions and primers required for optimal cDNA synthesis and PCR amplifi cation should be standardized.
